Virulent strains of Pasteurella pestis frequently undergo rapid attenuation during growth at 37 C in liquid media (Wats and Puduval, 1940; Devignat and Schoetter, 1942; and Fukui et al., 1957). This change in the bacterial population was related to a characteristic nutritional difference between virulent and avirulent cell types and was prevented by the presence of adequate amounts of calcium ions in the growth medium (Higuchi, Kupferberg, and Smith, 1959 in a final volume of 200 ml of melted blood agar base (Difco). All inoculated plates were incubated at 37 C and colonies were counted after 40 to 45 hr. To obtain a reliable count of avirulent cells present in virulent cultures, it was necessary to enumerate the emergent colonies as early as practicable. The secondary mutant colonies which arise in progressively increasing numbers during the incubation of the magnesium oxalate agar plates will result in erroneously high numbers of avirulent cells. A simultaneous plating of avirulent cells on magnesium oxalate medium was useful as a control in determining the proper time for making the evaluations.
Virulent strains of Pasteurella pestis frequently undergo rapid attenuation during growth at 37 C in liquid media (Wats and Puduval, 1940; Devignat and Schoetter, 1942; and Fukui et al., 1957) . This change in the bacterial population was related to a characteristic nutritional difference between virulent and avirulent cell types and was prevented by the presence of adequate amounts of calcium ions in the growth medium (Higuchi, Kupferberg, and Smith, 1959) . In contrast to virulent cell types, the few avirulent cells initially present or arising by mutation, proliferate at 37 C in calcium deficient media, and thus rapidly outgrow the original virulent population. It was observed that an unusually high mutation rate in P. pestis from virulence to avirulence was an important factor in these processes. The present work considers the development of a differential plating medium for the detection of avirulent cell types and its application for the estimation of the mutation rate (virulence --avirulence) in P. pestis. A preliminary report on a part of this work has been presented previously (Higuchi and Smith, 1959 Litchfield and Wilcoxon (1949) .
Determinations of mutation rate. The strains of P. pestis used in these studies are listed in Table  1 . Most of the strains were grown routinely at 27 C in the liquid casein hydrolyzate medium of Higuchi and Carlin (1957) . For the experiments dealing with the determination of the mutation rate from virulence to avirulence, the Alexander strain was grown initially in the casein hydrolyzate medium, then diluted to 10 cells per ml in heart infusion broth (fortified with 0.2 % xylose and 0.001 M MgCl2), and incubated in 0.5 ml amounts in 15 separate screw-cap 18 mm test tubes at 27 C for 24 hr. The number of mutant cells in each culture was determined by spreading the entire 0.5 ml of each culture over the surfaces of three magnesium oxalate agar plates and counting the resulting colonies. (Jackson and Burrows, 1956 ). This strain also produces the "virulence antigens" (Lawton et al., 1960) . colonies were obtained on this agar from any of the virulent strains; whereas, essentially quantitative colony counts were obtained with the avirulent strains. The behavior of the avirulent strain EV76 on magnesium oxalate agar indicated it to be virulent. The virulence of this strain, however, is known to be masked by a nutritional defect (Jackson and Burrows, 1956) Detection of virulent cells in an avirulent population by replica plating on magnesium oxalate medium. A reconstruction experiment was undertaken to demonstrate the feasibility of detecting virulent cell types in a predominantly avirulent population. An artifically mixed population containing 2% virulent cells was plated on blood agar base medium in a manner which permitted the growth of distinct, isolated colonies. Replica platings by the method of Lederberg and Lederberg (1952) were then made on magnesium oxalate agar. Six colonies from blood agar base medium cultures which failed to replicate on magnesium oxalate agar were subcultured and inoculated into mice. In addition, several other colonies on blood agar base medium were picked at random to serve as controls. All six of the isolates presumed to be virulent on the basis of their failure to replicate on magnesium oxalate medium produced death in mice, whereas the control isolates were avirulent.
Mutation rate in Alexander strain from virulence to avirulence. Two independent experiments were performed as described to estimate the mutation rate of the virulent Alexander strain. The data from these experiments are presented in Table 2 . Calculations of the value of a from the set of data from experiment A yielded a value -of 10-4 mutations to avirulence per bacterial generation. The data from experiment B yielded a mutation rate of 10-4 mutations per bacterial generation.
Effects of ultraviolet light on the mutation to avirulence. A preliminary experiment was performed to assess the effects of ultraviolet irradiation on the mutability to avirulence. A 40-sec exposure to a 15 watt General Electric germicidal lamp at a distance of 80 cm produced approximately 60% killing of cells seeded on blood agar base medium. Both the virulent Alexander and the avirulent isolate derived from it were equally susceptible. When the Alexander cells were plated on magnesium oxalate agar and irradiated as described above, increased numbers of avirulent colonies, as compared to unirradiated controls, were obtained. Calculations, with appropriate corrections for the killing effect, indicated approximately a 10-fold increase in the number of mutations.
DISCUSSION
The selective inhibition of the growth of virulent cells on magnesium oxalate agar medium is undoubtedly related to the requirement for calcium for growth of these cells at 37 C. The presence of a high concentration of magnesium ions probably serves to potentiate the calcium deficiency for virulent cell types and also to promote the growth of avirulent cells. The growth behavior of the nominally avirulent strain EV76 on magnesium oxalate agar indicated latent virulence in this strain. The work of Jackson and Burrows (1956) demonstrated that a nutritional defect related to iron metabolism occurred in strain EV76 and that injection of hemin or inorganic iron into test animals at the time of inoculation resulted in full manifestation of virulence.
In addition to the loss of calcium requirement for growth at 37 C, mutation from virulence to avirulence in P. pestis has been associated with other physiological changes. Among these are the findings of Burrows and Bacon (1956) and Lawton, Fukui, and Surgalla (1960) that the production of the so-called virulence antigens was lost. Wessman, Miller, and Surgalla (1958) found also that sensitivity to glucose at 37 C was lost by avirulent variants. The simultaneity of these changes suggests that they may be manifestations of a single mutational event. The high frequency of mutation to avirulence in P. pestis contrasts greatly with the mutation rate to streptomycin resistance in this organism which has been reported to be of the order of 10-11 to 10-12 (Garber, Noble, and Carouso, 1953) . In comparison to the high rate of mutation to avirulence considered in this paper, the reverse mutation from avirulence to virulence occurs very rarely. Burrows and Bacon (1954) have reported on one such case, but with considerable reservations.
The high rate of mutation to avirulence exemplified by the Alexander strain serves to explain the frequently observed loss of virulenice of P. pestis during cultivation in vitro at 37 C. A rate of 10-4 mutations per bacterial generation implies that stock cultures will always cointain appreciable numbers of avirulent cells. Environmental conditions which are selective for such mutants would result in very rapid population changes. The maintenance of virulence during cultivation of P. pestis at 37 C requires, therefore, the presence of adequate amounts of calcium ions in the medium.
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SUMMARY
A differential plating medium for the detection of avirulent variants in populations of PasteutreUa pestis was developed which was based on the nutritional requirement for calcium ions by virulent cells for growth at 37 C. This magnesium oxalate plating medium was employed in the estimation of the mutation rate to avirulence among cells in a virulent Alexander culture and yielded a value of 10-4 mutations per bacterial generation.
